The present experiments were undertaken to assess the influence of preischemic hypo-or hyperglyce mia on the coupling among changes in extracellular K + concentration (K + e) and in cellular energy state, as the latter is reflected in the tissue concentrations of phos phocreatine (PCr), Cr, ATP, ADP, and AMP, and in the calculated free ADP (ADPf) concentrations. The ques tions posed were whether the final release of K + was delayed because the extra glucose accumulated by hyper glycemic animals produced enough ATP to continue sup porting N a + -K + -driven ATPase activity, and whether the additional acidosis altered the ionic transients. As ex pected, preischemic hypoglycemia shortened and hyper glycemia prolonged the phase before K + e rapidly in creased. This was reflected in corresponding changes in tissue ATP content. Thus, hypoglycemia shortened and hyperglycemia prolonged the time before the fall in A TP concentration accelerated. When tissue was frozen at the moment of depolarization, the tissue contents of ATP were similar in hypo-, normo-, and hyperglycemic groups, -30% of control. This suggests that hyperglyce mia retards loss of ion homeostasis by leading to produc-Dissipative ion fluxes during anoxia, as these are reflected in the extracellular concentrations of K + Abbreviations used: DC, direct current; PCr, phosphocreat ine; SD, spreading depression.
Summary:
The present experiments were undertaken to assess the influence of preischemic hypo-or hyperglyce mia on the coupling among changes in extracellular K + concentration (K + e) and in cellular energy state, as the latter is reflected in the tissue concentrations of phos phocreatine (PCr), Cr, ATP, ADP, and AMP, and in the calculated free ADP (ADPf) concentrations. The ques tions posed were whether the final release of K + was delayed because the extra glucose accumulated by hyper glycemic animals produced enough ATP to continue sup porting N a + -K + -driven ATPase activity, and whether the additional acidosis altered the ionic transients. As ex pected, preischemic hypoglycemia shortened and hyper glycemia prolonged the phase before K + e rapidly in creased. This was reflected in corresponding changes in tissue ATP content. Thus, hypoglycemia shortened and hyperglycemia prolonged the time before the fall in A TP concentration accelerated. When tissue was frozen at the moment of depolarization, the tissue contents of ATP were similar in hypo-, normo-, and hyperglycemic groups, -30% of control. This suggests that hyperglyce mia retards loss of ion homeostasis by leading to produc-Dissipative ion fluxes during anoxia, as these are reflected in the extracellular concentrations of K + (K+ e ) , Ca 2 + (Ca 2 + e) , Na+ (Na+ e ) and Cl-(CI-e), occur in two major phases (Somjen, 1978; Sykova, 1983; Hansen, 1985) . In the first (phase 1), K+ e increases slowly to values of about 10-15 mM and, tion of additional A TP. However, hyperglycemia did not reduce the rate at which the PCr concentration fell, and the ATP/ADPf ratio decreased. There were marked dif ferences in the amount of lactate accumulated between the groups. Thus, massive depolarization in hypoglyce mic groups occurred at a tissue lactate content of -4 mM kg -1. This corresponds to a decrease in intracellular pH (pH) from -7.0 to -6. 9 . In the hyperglycemic groups, depolarization occurred at a lactate content of about 12 mm kg -I, corresponding to a pHj of -6.4. This fall in pHj, or the accompanying fall in extracellular pH (pHe), did not affect the maximal rate of efflux of K + . Measure ments of ischemic depolarization at constant tissue tem perature (37°C) suggest that the influence of the plasma glucose concentration on the terminal depolarization time is restricted. Thus, the time to depolarization varied be tween 30 s (hypoglycemia) and 90 s (moderate to severe hyperglycemia). Previous results obtained without tem perature control may well have reflected a combination between hyperglycemia and a fall in tissue temperature. Key Words: Energy metabolism-Hyperglycemia Hypoglycemia-Ion fluxes-Brain.
in the second (phase 2), K + e increases abruptly, with equally abrupt decreases in Ca 2 + e ' Na + e' and CI-e' Apart from the fact that phase 1 is very brief, similar changes occur in spreading depression (SD), whether induced by exposure to high K + e or gluta mate, by trauma, or by strong electrical stimulation (Bures et al., 1974; Hansen and Zeuthen, 1981; Nicholson and Kraig, 1981; Kraig et al., 1983; Hansen, 1985) . In fact, a phase 1 rise in K + e during SD is only revealed if the temperature is reduced. It is now widely assumed that the phase 1 increase in K + e reflects the activation of K + conductances, which can either be Ca 2 + dependent or modulated by ATP or the ATP/ADPr ratio, and that the phase 2 ionic changes are caused by release of excitatory amino acids such as glutamate, which open unspe cific ion conductances, allowing rapid dissipative ion fluxes (Siesjo, 1990; Siesjo et al., 1991; see van Harreveld, 1972; Hansen, 1985) .
The rate of change of K + e during phase 1 and, thereby, the lag before the massive phase 2 changes occur has been shown to be influenced by the tissue glucose concentration (Hansen, 1978; Hansen and Nordstrom, 1979; Siemkowicz and Hansen, 1981) , by the preischemic metabolic rate (Astrup et al., 1980) , and by the temperature (Astrup et al., 1980) . Preischemic hypoglycemia is known to shorten and hyperglycemia to prolong the duration of phase 1 (Hansen, 1978; Siemkowicz and Hansen, 1981) . Since the K + e at which the phase 2 changes were elicited was the same, the results showed that hy poglycemia accelerated and hyperglycemia re tarded the rate of rise of K + e during phase 1. In addition, hyperglycemia was reported to reduce the rate of change in K + e during phase 2 (Hansen, 1978) .
Although dissipative ionic fluxes during anoxia must reflect a failing energy production, two major questions arise. First, what is the coupling of phase 1 K + fluxes to changes in cellular energy state? Second, are the phase 2 ionic fluxes associated with complete energy failure, or do they result from events that are not tightly coupled to the cellular energy state? In the present experiments, we report data bearing on the two questions posed obtained under conditions of hypo-and hyperglycemia.
MATERIALS AND METHODS
These have been described in a preceding communica tion (Folbergrova et aI., 1990) . In summary, fasted male rats were anesthetized with 2-3% isoflurane, intubated, and maintained artificially ventilated on 1-2% isoflurane in N20:02 (70:30) throughout the operative procedures. A craniotomy of 3 x 3 mm was carefully performed bi laterally to expose the dura for later freezing of the brain in situ. Tubocurarine was given i.v. to exclude any move ments due to coughing on the tube during microelectrode measurements. A potassium-sensitive or pH-sensitive glass micro electrode was installed 700 f.Lm deep in the frontoparietal cortex. Before electrode insertion, the dura was pierced with a hypodermic needle to avoid breaking the tip of the electrode. When all of the operative proce dures were finished, the animals were ventilated with 0.5% isoflurane in 70% N20 and 30% O2 until the animals reached suitable plasma glucose levels. Cardiac standstill was induced by injecting saturated KCI solution via a central venous catheter. The body temperature was main tained at 37°C. The animals intended for the hyperglyce mic group had their plasma glucose increased to, and for at least 20 min kept at, 15-20 mM by i. v. infusion of a 25% glucose solution. Insulin was administered i.p., in a dose J Cereb Blood Flow Metab, Vol. 13, No. 2, 1993 of 2 IV kg -I, to the animals in the hypoglycemic group to assure a plasma glucose concentration between 2.5 and 4 mM. Potassium-sensitive electrodes were calibrated in solutions of various concentrations of KCI (2-80 mM) with NaCI added to maintain a constant ion strength. The electrodes showed around a 53 m V change for a lO-fold change in K + concentration. pH-sensitive electrodes were first calibrated with standard phosphate buffers and then calibrated in an artificial cerebrospinal fluid that was bubbled with CO2 (see Katsura et aI., 1992) .
In one series of animals, the neocortex was frozen in situ after different time intervals for subsequent metabo lite analyses with enzymatic, fluorometric techniques (Folbergrova et aI., 1972 (Folbergrova et aI., , 1990 . The following metabo lites were analyzed: phosphocreatine (PCr) , creatine (Cr) , ATP, ADP, AMP, glycogen, glucose, and lactate. In the 45 s hypoglycemic group and in the 90 s hyperglycemic group with the aid of the microelectrode response, the depolarization was not allowed to occur before freezing.
In a second experimental series, the animals were pre pared in the same manner as described above and, with guidance of the microe1ectrode response, the brain was frozen in situ at the time of depolarization.
A third group of animals was collected from material published elsewhere (Katsura et aI., 1992) . In this, the animals were operatively prepared as described and plasma glucose was varied from -1 mM to -100 mM by i.p. insulin in the low-glucose animals and infusion of a 25-50% glucose solution in the high-glucose animals. A pH-sensitive micro electrode was used instead and the temperature of the brain was kept constant by blowing humid air at a temperature of 37°C through a Perspex box around the head of the animal . After the extracellular pH (pHe) value reached a plateau, the head was immersed in liquid nitrogen and brain cortex was dissected for later analysis of lactate. The tissue lac tate levels were used to define hypo-, normo-, and hyper glycemic animals. The interval between the start of isch emia to depolarization was estimated from the direct cur rent (DC) potential shift.
Statistics
A two-tailed Student's t test was used to compare �K + e values and ATP levels between the 30 s groups.
Calculations
The value of the Keq of the creatine kinase equilibrium was estimated by Lawson and Veech (1979) levels can be calculated and put in the formula below for calculation of ADPr Vink et aI., 1988; Ekholm et aI., 1992) , which differs from the chemically measured level of ADP, mainly because of compartmentation (Veech et aI., 1979; Erecinska and Sil ver, 1989) :
Assuming a pHi of 7.04 during the control situation (Siesjo et aI., 1972) , changes in pHi during ischemia can be calculated from the equation below (Siesjo, 1985 (Siesjo, , 1988 :
where [BB] is the buffer base concentration, K' I and K' 2 are the fIrst and second ionization constants for H2C03, respectively, S is a solubility factor, and C 1 -C5 are fIve buffer acids, each having a concentration of 0 . 010 M, KI-K5 being their acid ionization constants 00-7.4_ 10-6 . 1 ). The total CO2 content was put to 12 mmol kg-I (Siesj6, 1985) . Changes in [BB] (�BB) were calculated from the formula below to correlate for changes in PCr and ATP (Siesj6, 1985 (Siesj6, , 1988 Ekholm et ai., 1992) :
Here, n ' and n il denote the amount of hydrogen ions bound and produced during PCr and ATP breakdown, respectively (Alberty, 1968; Hochachka and Mommsen, 1983; Erecinska and Silver, 1989; Ekholm et ai., 1992) . We assumed that acidifIcation by other reactions, e.g., that associated with hydrolysis of phospholipids, can be neglected during the fIrst 120 s of ischemia. We further assumed that [Mg 2 +] remained constant.
RESULTS
Hypo-and hyperglycemic groups used for metab olite measurements and measurements of K + e had similar preischemic values (mean values ± SD) for temperature (36.9 ± 0.2DC), mean arterial blood pressure (121 ± 13 mm Hg), and arterial plasma pH (7.39 ± 0.03). Values for Pco2 and P02 were con sidered as normal (P aco2 of 35-40 mm Hg, and P a02 > 95 mm Hg). Plasma glucose differed markedly between the hyper-and hypoglycemic groups (mean values of 19.3 ± 1.5 and 3.3 ± 0.4 mM, re spectively). In the animals used for pHe measure ments, plasma glucose varied as described above. K+ e as a function of duration of ischemia Figure 1 shows the phase 1 changes in K + e in hypo-and hyperglycemic groups, with representa tive records from one of the hyperglycemic animals. In all records, the duration of phase 1 was calcu lated from the onset of ischemia to the start of the linear part of the K + e rise, which coincided with the rapid development of a negative DC potential shift. The results demonstrate the expected changes (Hansen, 1978; Siemkowicz and Hansen, 1981) . Compared to normoglycemia (see below), hypogly cemia reduced and hyperglycemia increased the du ration of phase 1. To evaluate the rate of change of K + e (LlK + e) during phase 1, LlK + e during the first and second 15 s periods of ischemia was compared. Since one animal in the hypoglycemic group depo larized shortly after 30 s, it was excluded from this comparison of changes in rate during phase 1. Dur- ing the first 15 s of ischemia, K + e increased by 0.58 ± 0.09 mM (hyperglycemic animals) and 0.76 ± 0.12 mM (hypoglycemic animals). During the fol lowing 15 s, it increased another 0.38 ± 0.10 and 1.47 ± 0.40 mM, respectively (values are mean ± SD). The rate of rise of K + e in hyperglycemic ani mals in the second 15 s period was not significantly less than in the first. There was a statistically sig nificant difference between the hyper-and hypogly cemic animals (p < 0.001) in LlK + e in the second, but not in the first, 15 s period. As will be discussed below, the duration of phase 1 (all animals included) was 45 s in hypoglycemic and 111 s in hyperglyce mic animals. Although this difference is the ex pected one, phase 1 was briefer in this study than in previous ones (Hansen, 1978; Siemkowicz and Hansen, 1981) , probably because of the differences in the age of the rats, and the severity of hypergly cemia.
Labile metabolites in hypo-and hyperglycemic subjects Table 1 gives the values for the directly measured metabolites plus calculated values for the pHj and ADPf concentration. Since previous experiments have shown a similar cerebral energy state in hypo-, normo-, and hyperglycemic subjects (Ljunggren et aI., 1974; Hillered et aI., 1985) , data for hypoglyce mic and hyperglycemic control animals were pooled. As expected, there were large differences in tissue glucose concentrations, which were 0.49 ± 0.06 mmol kg-I in hypoglycemic and 4.67 ± 0.44 mmol kg-I in hyperglycemic animals. The corre sponding values for glycogen were 2.40 ± 0.60 and 3.08 ± 0.40 mmol kg-I , respectively (values are mean ± SD). We can use the data of Table 1 , together with those reported by for normo glycemic animals, to illustrate how preis chemic plasma glucose concentrations influence the loss of ionic homeostasis during ischemia, and its coupling to changes in cellular energy state. Figure 2 shows changes in PCr and A TP concentrations and in the ATP/ADPr ratio, the latter reflecting corresponding changes in the PCr concentration. We note that al though changes in the ATP/ADPr ratio (and in the PCr concentration) were relatively similar, the overall ATP concentration behaved differently. Thus, whereas the ATP/ADPfratio fell rapidly in all ischemic groups, accompanied by a very moderate fall in ATP concentration, the subsequent, marked fall in ATP was accelerated in hypo-and retarded in hyperglycemic animals. Knowing the time for final depolarization (see above), we can conclude that such depolarization occurs first when the overall A TP content has been reduced to <50% of control.
Although the results on PCr concentrations and ATP/ADPf ratios were relatively similar, the data illustrated in Fig. 2 suggest that the initial changes in the PCr and ATP/ADPr ratio were slightly more pronounced in hypo-than in normo-and hypergly cemic animals. This difference was even more pro nounced for ADPf • Thus, although there was no dif ference between normo-and hyperglycemic ani mals, the ADPr of hypoglycemic animals rose more quickly, probably reflecting the relative lack of car bohydrate substrate to fuel ATP production (see Table 1 ). Figure 3 illustrates another conspicuous differ ence between hypo-, normo-, and hyperglycemic animals. Thus, whereas hypoglycemic animals showed moderate lactic acidosis, with a tissue lac tate content of �5 mmol kg -I prior to depolariza tion, hyperglycemic animals did not depolarize until the tissue lactate content had exceeded 12 mmol kg -I . Whereas depolarization occurred at a pHi of about 6.8-6.9 in hypoglycemic animals, the pHi fell to 6.4 before depolarization occurred in hypergly cemic animals. We note that, at very short ischemic periods, notably 15 s, pHi actually increased. As will be discussed below, this probably reflects hy drolysis of PCr at a time when ATP has not yet been broken down (see the Discussion section).
The dramatic differences in ATP concentrations between the groups, as well as in lactate concentra tions and pHi values, must reflect corresponding differences in substrate availability. Figure 4 illus trates changes in glucose and glycogen concentra tions between hypo-and hyperglycemic animals. The differences were marked. Thus, hypoglycemic animals had a very low tissue glucose concentration in the control state, and this metabolizable glucose pool was already depleted after 15 s. In the hyper glycemic subjects, in which initial glucose con centrations were high (>4.0 mmol kg-I ), ischemia provoked a rapid reduction in the tissue glucose concentration and, at the end of 90 s, the concen trations approximated 0.5 /-Lmol g -I . In both groups, changes in glycogen concentration were small. Thus, although the induction of phase 2 ionic changes correlated to the disappearance of metab olizable glucose, the remaining glycogen content was obviously not readily available for rapid mobi lization or, at least, it could not support ATP pro duction sufficiently to maintain ionic balance.
Cerebral energy state at the time of massive depolarization
In three groups (hypo-, normo-, and hyperglyce mic), tissue was frozen in situ when the K + e re cording showed the phase 2 rapid increase in K + e' This occurred after 45 ± 6 s (hypoglycemic ani mals), 66 ± 12 s (normoglycemia), and 111 ± 8 s (hyperglycemia). Values are mean ± SD. As Fig. 5 shows, the ATP concentration at the start of the rapid K + e increase was similar in all three groups. For similar plasma glucose concentrations, the present results demonstrate somewhat shorter phase 1 periods than those reported by Hansen (1978) and Siemkowicz and Hansen (1981) . In the present experiments, attempts were made to keep the body temperature constant during the ischemic episode. Although this procedure should "clamp" the preischemic brain temperature, the brain will nevertheless cool down during ischemia, the heat losses occurring by convection, evaporation, and radiation (Busto et aI., 1987; Minamisawa et aI., 1990a, b; Morris et aI., 1991) . To avoid such losses, we have constructed a box around the head that is perfused with air at 37°C and 100% humidity . When this box was used to assess changes in pHe during ischemia at widely varying plasma glucose and tissue lactate concen trations, the DC potential was also recorded (Kat sura et aI., 1992) . This allowed us to establish the duration of phase 1 as a function of tissue lactate concentration, the latter being used as a measure of preischemic plasma and tissue glucose concentra tions (see Ljunggren et aI., 1974) . As Fig. 6 shows, the influence of the preischemic plasma glucose concentration was now somewhat smaller. Thus, phase 1 of K + release was shortened to 20 s at the lowest plasma glucose values employed (�2 mM), and by raising plasma glucose to very high levels (100 mM), it could be maximally prolonged to 90 s. This suggests that the longer delays noted in some previous experiments, including our own, were in fluenced by a small but progressive fall in tissue temperature. 
DISCUSSION
In a previous article, we sought to correlate the deterioration of cellular energy state during isch emia, and the ensuing changes in cellular ion ho meostasis, as these are reflected in K + e and in the DC potential shift (Folbergrova et aI., 1990) . In an other article, we correlated changes in ion homeo stasis, not only to measured overall tissue concen trations of PCr, Cr, ATP, ADP, and AMP, as well as to lactate and pyruvate, but also to the ADP[ and AMPfconcentrations (Ekholm et aI., 1992) . The lat ter were calculated from the creatine kinase and adenylate kinase equilibria following derivation of pHi' and assuming an unchanged Mg 2 + concentra tion (V ink et aI., 1988; Ekholm et aI., 1992) .
The previous and present calculations rest on the assumption that a meaningful "average" pH; can be derived by calculation for neurons and glial cells, and that total and free concentrations of labile or ganic phosphates reflect the true changes in the in dividual compartments. There is at present no way to test this assumption critically; on the other hand, there is no reason to believe that compartmentation invalidates the present assumptions (Erecinska and Silver, 1989 ). As stated in the Introduction, hypo-and hyper glycemia are known to shorten and prolong, respec tively, the ischemic period before ionic homeostasis is lost. We now show that these differences in terms of ionic homeostasis are paralleled by correspond ing differences in cellular energy state. Thus, al though hypoglycemic animals maintained a near normal ATP concentration for �30 s, they subse quently became depleted of ATP at a much faster rate than normoglycemic ones, or those rendered hyperglycemic. In the latter, ATP concentrations were better upheld and depolarization did not occur until ischemia was prolonged beyond the 90 s pe riod. In these animals, anaerobic glycolysis contin ued unabated. Thus, depolarization occurred pro gressively later in hypo-, normo-, and hyperglyce mic animals, and at a progressively reduced pH.
Whereas the present results make it clear that glycolytically produced ATP can be used to trans port K + and Na + against an existing leak, they also underscore the secondary importance of this source of energy. Thus, even though hyperglycemic ani mals had an additional 4 mmol kg -I of glucose in their tissues, the final release of K + was postponed by 40-50 s only. Thus, a small energetic advantage would be gained at the cost of excessive acidosis. Experience demonstrates that this cost is over whelming since it may grossly exaggerate the tissue damage and lead to the death of the animal (for recent reviews, see Siesj6, 1988; Siesj6 et aI., 1992) .
The principal results of this study can be summa rized as follows: First, hypoglycemia leads to an initially more rapid rise in K + e and to an early oc curring massive release of K + . At that time, K + e is around 10-15 mM, ATP is �30% of control, and lactate content about 5 mmol kg-I . Hyperglycemic animals show a reduced rate of increase in K + e and reach a value of 10-15 mM later. At that time, the ATP content is similar (�30% of control), but the lactate content is now higher than 10 mmol kg-I , and continues to increase. The rate of rise in K + e must reflect the balance between activation of K + conductances, some of which could be modulated by Ca 2 + or ATP, and the rate of accumulation of K + by ion pumps that are fueled by A TP (for doc umentation and further references, see Grigg and Anderson, 1989; Ashford et al., 1990; Kn6pfel et aI., 1990; Krnjevic and Xu, 1990; Treherne and Ashford, 1991) . It is conceivable that the differ ences in response between hypo-and hyperglyce mic animals reflect both differences in K + channel activity and Na + IK + pump rate. Thus, a high glu cose concentration conceivably reduces the activa tion of an A TP-dependent K + conductance, de laying release of K +. The activation of such chan nels could be sensitive to the ATP/ADPf ratio, and this ratio changes long before the ATP content falls appreciably. However, a lowering of the ATP/ADPf ratio or of the phosphate potential (ATP . ADPf -I . Pi -I ) could also reduce the rate of Na + IK + -ATPase activity. Whatever is the expla nation, the present results demonstrate that hypo and hyperglycemia primarily affect the initial rate of K + release/K + reuptake, hypoglycemia shorten ing, and hyperglycemia delaying the final rise in K + e' which occurs at a relatively fixed K + e' and tissue ATP content.
Although the present results provide a valid com parison between changes in K + e and in labile tissue metabolites, our experiment with constant brain temperature demonstrates a smaller influence of plasma and brain glucose concentrations on the du ration of phase 1 changes than hitherto assumed. Thus, although a reduction in the plasma glucose concentration from a normal to a hypoglycemic value reduced this duration, an increase in plasma glucose did not prolong this duration beyond the 90 s limit. This clearly demonstrates that, at constant brain temperature, glycolytically produced ATP is of relatively little importance in counteracting the downhill flux of K + via activated K + conduc tances.
